Background and aims Comparing root functioning under contrasting rainfall regimes can help assessing the capacity of plant species to cope with more intense and frequent drought predicted under climate change context. While the awareness of the need to study the whole root system is growing, most of the studies of root functioning through rhizosphere analyses have been restricted to the topsoil. Our study aimed to assess whether the depth in the soil and the rainfall amount affect root functioning, and notably the fate of nutrients within the rhizosphere.
Introduction
The evaluation of ecosystem adaptation under changing environmental conditions has been recently a major focus, climate change being now recognized as a significant threat to sustainable development and crop production. In many parts of the world, climatic anomalies have occurred and will keep on intensifying in the coming future. Altered precipitation and temperature regimes as a result of climate change are expected to exacerbate the intensity and frequency of future droughts and, consequently, the mortality of forests worldwide (Wu et al. 2011) . These climate changes challenge the main objectives of forest ecosystem management, which are to provide sustainable ecosystem services to society and to maintain the biological diversity of forests (Thom and Seidl 2015) . Higher temperature and atmospheric CO 2 concentration, fewer precipitations, and other climatic factors can all have important impacts on forest soil properties such as soil moisture or organic matter decomposition rate (Davidson and Janssens 2006) , and thus on the biogeochemical cycles of major nutrients. In tropical ecosystems, the limiting factor of plant growth is often the availability of soil nutrients (Römheld and Kirkby 2010; Darunsontaya et al. 2012; Santiago et al. 2012) . The root system is thus a major compartment that may be particularly affected by climate changes while determining plant growth in tropical conditions, but it is poorly studied given the methodological challenges (Maeght et al. 2013) . The functioning of the root system is well known for its considerable plasticity and therefore its role in plant adaptation to adverse conditions, including drought (Huang et al. 1997; Eissenstat et al. 2000; Aroca 2012 ). Improving our knowledge of root functioning, including deep roots, is therefore especially at stake (Kell 2011; Maeght et al. 2013; Callesen et al. 2016) . Concerning drought tolerance, one strategy consists in shedding roots in dry areas and rapidly growing roots in moist areas to maintain plant water status (Huang et al. 1997 ). In addition, moist soil layers being often deeper than dry ones, hydraulic redistribution can occur resulting in upward movement of water from deeper roots to the upper parts of the root system (Nadezhdina et al. 2010) . In tropical ecosystems, in which annual evapotranspirative demand can largely exceed precipitation, water uptake by deep roots plays a major role in sustaining the evapotranspiration during the dry season (Christoffersen et al. 2014 ).
The functioning of the root system results in a complex combination of root-soil interactions triggered by key belowground processes such as water/nutrient acquisition, rhizodeposition or root respiration (Hinsinger et al. 2005 (Hinsinger et al. , 2009 . Hot spots of microbial activity are generated in the vicinity of roots, i.e. the so-called rhizosphere (Philippot et al. 2013; Reinhold-Hurek et al. 2015) . This limited volume of soil is at the crossroad of all soil-plant interactions, and its characteristics, linked to root activities, can be drastically different from those of the bulk soil; i.e. the root-free soil volume, as reviewed by many authors. Root functioning can thus be evaluated through analyzing the properties of the rhizosphere, in comparison with those of the bulk soil, in order to better understand plant functions (e.g. Bravin et al. 2008; Hinsinger et al. 2009; Blossfeld 2013; Rewald et al. 2014; Sokolova 2015) .
Most studies of the root functioning relying on rhizosphere analyses have been conducted in the topsoil, where large root densities are found and thus where rhizosphere sampling is easiest. However, the awareness of the need to study the whole of the root system, including roots at depth, has been growing recently (Maeght et al. 2013; Rewald et al. 2014) . While the meta-analyses conducted by Schenk and Jackson (2002) stressed that in many ecosystems, more than 90 % of the root biomass was concentrating in the top 0.5 or top 1 m, these authors pointed out that our knowledge of deep roots was truncated as many reports did not investigate deeper soil horizons. There are notable exceptions as it has been recently shown that 60 % of the fine roots in an eucalypt plantation in Brazil are located below 1-m depth (Laclau et al. 2013) , while fine roots were reported to reach between 8 and 12 m for 2-year-old genotypes (Pinheiro et al. 2016) and 17 m in 3.5-year old trees (Christina et al. 2011) .
At the plant point of view, although this has been very little documented, roots may adjust their functioning with depth, especially their capacity for taking up nutrients (Göransson and Rosengren 2006; Göransson et al. 2007 Göransson et al. , 2008 and be more or less specialized as recently shown for eucalypt trees in Brazilian plantations (da Silva et al. 2011) . These authors demonstrated that roots located at 3-m depth had a greater potential to take up Rb + (analog of K + ) and Sr 2+ (analog of Ca 2+ ) than those located in the topsoil, the contrary being observed for nitrate uptake. Fine root functioning has thus to be evaluated along the soil profile, not just in the topsoil.
The pH of the rhizosphere can be a proxy of root functioning as long as the major cause for pH variation in the rhizosphere is the release of protons (or hydroxyl ions) by roots to counterbalance an excess of cations over anions (or anions over cations, respectively) taken up as nutrients (Hinsinger et al. 2003; Blossfeld 2013) . Roots can thereby modify the soil pH in their vicinity by up to 2-3 pH units, with considerable feedback effects on plant nutrition as a consequence of the role of pH as a driving factor for numerous biogeochemical processes that determine the fate (desorption/adsorption or dissolution/precipitation processes notably) and ultimately the availability of many nutrients (Hinsinger et al. 2003 (Hinsinger et al. , 2009 ). In addition, roots also directly alter nutrient concentrations through their uptake and exudation activities, resulting either in steep depletion and/or accumulation of nutrients, especially for poorly-mobile nutrients such as K (Turpault et al. 2005 (Turpault et al. , 2007 Calvaruso et al. 2011; Collignon et al. 2011 ) and P (Clegg and Gobran 1997; Hinsinger et al. 2011b) . Once more, such rhizosphere effects have been mostly documented for young plants growing in microcosms and, for field-grown plants, essentially for roots growing in the topsoil that are easier to sample, especially in forest ecosystems. Very fragmented information is available about the rhizosphere of roots down to 1 m-depth (Cocco et al. 2013 ) and virtually no information at all is found for deeper roots.
We present here a study of the root functioning along a 4-m deep soil profile in a eucalypt (Eucalyptus grandis) plantation exhibiting a deep root system under undisturbed and reduced rainfall regimes in order to document deep root functioning through rhizosphere versus bulk soil analyses, notably pH and major nutrient concentrations. Our objectives were twofold: (i) evaluate how deep roots were altering soil biogeochemical properties in the rhizosphere, compared to roots in the upper horizons, and (ii) investigate how rainfall reduction was affecting these processes down to 4-m depth.
Material and methods

Study site and soil properties
The experiment was carried out on the heavily instrumented forest research site of Itatinga (São Paulo, Brazil, 23°02′S, 48°38′W) owned by the University of São Paulo. Situated at 300 km from the sea, the study area is rather flat (slope ≤ 3 %), with an elevation of 860 m. The region has a humid subtropical climate ranked as a Cfa according to the Köppen classification (Peel et al. 2007 (Maquère 2008) . According to Laclau et al. (2010) , between the soil surface and the depth of 4 m, the main soil properties range as follows, from top (excluding the top 0-5 cm) to depth: Clay (151-256 g kg ).
Experimental set up
A throughfall reduction experiment was set up in 2010 with a Eucalyptus grandis clone (from the Suzano Company, SP state, Brazil). The experimental design with 6 treatments and 3 blocks was described in detail by Battie-Laclau et al. (2014) . Our study was carried out in two treatments selected in one block: (i) + W, control treatment with undisturbed rainfall; (ii) -W, throughfall exclusion treatment. In this treatment, a gutter system was installed 2 months after planting to simulate a reduction of rainfall, through the exclusion of 37 % of the throughfall. Each inter-row of this plot was equipped with two 40-cm wide plastic sheets. The -W plot was mimicking the rainfall reduction forecasted for the end of the 21st century in Brazil (IPCC 2013 ) applied at planting in both treatments was not limiting tree growth (Laclau et al. 2009 ). Herbicides were applied in order to avoid the presence of other roots than eucalypt roots in the two plots. A total of 144 trees were planted at a spacing of 3 × 2 m in each plot. The circumference and biomass of the trees in April 2015 are given in Supplementary material (Table S1 ). The stocking density in our experiment was 1666 tree ha −1 without tree mortality.
Monitoring of soil water contents and foliar potentials in this experiment showed that the low soil water availability in -W led to a sharp decrease in leaf gas exchange and biomass production, relative to + W, during dry periods from 2 years after planting onward (Battie-Laclau et al. 2014; Christina et al. 2015; Epron et al. 2016) . Time series of volumetric soil water content (SWC) are shown in Supplementary material ( Figure S1 ) along the soil profile down to a depth of 4 m. SWCs were measured from March 2015 to October 2015 at half-hourly intervals, with CS616 probes (Campbell Scientific Inc., Logan, UT, USA), installed at 6 depths down to 4 m (0.15, 0.5, 1, 2, 3, 4 m; three probes at different distances from trees per depth). In both treatments, rainfall events led to large variations of SWC in the upper 1 m (from 6.5 to 19 % in + W and from 5.5 to 14 % in -W). Below 1 m depth, SWCs were much less influenced by rainfall events. In + W, there was a difference of about 3 % between mean SWC at a depth of 2 m and mean SWC at a depth of 3 and 4 m, and the end of the rainy period (March to June) was marked by a slight decrease in SWC at the depth of 4 m. By contrast, SWCs between the depths of 2 and 4 m in -W remained around 10 % over the study period.
Soil sampling and analyses
Soil samples were collected between May and June 2015. A 1.5-m wide square pit was dug in the 3-m wide inter-row of the exclusion and control plots. The pits were dug by hand, as this soil is very cohesive and never provokes any wall collapse. The security of individuals was ensured by a scaffolding system installed in the pit, when reaching a depth greater than 2 m. Rhizosphere and bulk soil were sampled in layers located at 10 depths from the surface, down to a depth of 4 m ( Fig. 1) . At each depth, the four quarters of the pit were collected separately during the excavation in order to create four pseudo-replicates (Fig. 1) . During the excavation, at each depth, the soil of each replicate was placed in a separate wheelbarrow; all roots and their adhering soil (operationally-defined rhizosphere) were collected in a plastic bag. The rhizosphere was then separated from roots using a paintbrush. In order to be sure not to collect soil that was close to roots, the bulk soil was sampled from root-free zones at various locations on the two walls of each quarter of the pit, at the end of the excavation of each soil depth, and ultimately collected in a 40-cm 3 plastic vial.
Rhizosphere and bulk soil samples were air-dried at room temperature and sieved at 2 mm to remove root debris and homogenize the soil prior to analyses. Major nutrient (P, K, Ca and Mg) concentrations and pH were determined at the Soil Department in UNESP (Universidade Estadual Paulista, in Botucatu, Brazil). Major nutrients (P, K, Ca and Mg) were extracted using a 1:1 mixture of an anion exchange resin to assess the available pool of phosphate (strong base type, 20-50 mesh beads, Amberlite IRA-400) and a cation exchange resin to assess the exchangeable pool of K, Ca and Mg (strong acid type, granulometry 20-50 mesh, Amberlite IR-120). A soil suspension prepared with 2.5 g of soil mixed with 25 cm 3 deionized water and 2.5 cm 3 of extracting resin was shaken for 16 h (van Raij and Quaggio 2001). After the elution of the resins, the concentrations of the extracted cations were determined by Flame Atomic Absorption spectrometer Perkin Elmer 2380 (United States) and the concentration of available phosphorus was determined using a spectrophotometer Femto 600plus (Brazil). For pH measurements, a soil suspension was prepared at a 1:5 soil mass:extracting volume ratio according to the NF ISO 10390 standard, using 0.01 M CaCl 2 as a background electrolyte that yields a better stability of pH reading. The difficulty of collecting a large quantity of rhizosphere at depth required to slightly adapt the NF ISO 10390 protocol using only 2 g of soil in 10 cm 3 extracting solution, and a micro pH electrode (SenTix Mic-D-300x300).
Subsamples of soil were used for determining pseudo-total K after grinding to <0.2 mm, at the UMR Eco&Sols in Montpellier, France. Pseudo-total K concentration (thereafter called K tot ) was determined for the bulk soil only with a composite sample of the four replicates at each depth for both treatments. The extractions were done with 1:1 concentrated HNO 3 and HCl (aqua regia), not with HF; the total K is thereby underestimated in our results, hence called pseudototal K.
Root sampling and measurements
Firstly, fine roots were sampled down to a depth of 2 m using a 4.5 cm diameter manual auger at four positions relative to the trees in both treatments (+W, −W) and in the three blocks, between February and April 2015. Secondly, a 7 cm diameter mechanical auger was used to collect fine roots down to the watertable at 17 m deep, following the methodology used by Christina et al. (2011) . Here we present the results of fine root biomass down to 4-m depth. The roots were carefully washed in a 0.5 mm mesh sieve. Dead roots were discarded and only living roots (light-coloured and flexible) were scanned, and root length was estimated using the WinRHIZO Version Pro V.2013c software (Regent Instruments, QC, Canada). Roots were then dried at 65°C to constant weight. For each soil layer, the ratio between surface area and dry mass of fine roots was used to estimate the specific root area (SRA, cm 2 g −1 ) (Maurice et al. 2010) . Root mass densities (RMD, g dm
) were calculated by dividing the dry mass of fine roots by the volume of the sampled soil. Root Area Density (RAD, cm 2 dm
) was obtained by multiplying the RMD with the SRA.
Statistical analyses
The goal was to assess significant differences between soil compartments (rhizosphere/bulk soil) in each treatment (+W/-W) and at each depth. We investigated the autocorrelation of the depth residues when using a simple linear model and a mixed effects model with two fixed factors (compartment and treatment), one random factor (replicates) and one predictive factor (depth). No relevant predictive function for depth was found (AR(1): autoregressive model that specifies that the output variable depends linearly on its own previous values and on a stochastic term; corEXP: exponential spatial correlation structure). It thus appeared more relevant to use a linear model with four main factors (treatment, depth, compartment, replicates) and their interactions to fit our results. We checked the normal distribution of the residues for the chosen model. To investigate the interaction between each factor, onefactor analysis of variance (ANOVA) was used on the corresponding subset of data. Before analysis, all pH values were converted to H 3 O + concentrations. Statistical analyses were conducted with the R software (version 3.2.2). For the graphical representations, the mean values were calculated from our replicates (n = 4), as well as standard errors.
Results
Bulk soil chemical properties
The available P concentration in the bulk soil was influenced by the throughfall exclusion treatment (p < 0.05) but not significantly influenced by depth. The values were fairly low throughout the profile though, ranging between 3.1 and 4.2 mg kg −1 (Fig. 2a) . The highest difference between the two treatments was found at the depth of 0.4-0.6 m. Without taking into account this single depth in the ANOVA analysis, the influence of the treatment disappeared. The concentrations of available P in the bulk soils were almost constant along the soil profile down to a depth of 4 m. The exchangeable K concentration in the bulk soil was not influenced by the throughfall exclusion treatment, as we did not find any significant difference between the control and exclusion plots according to one-factor ANOVA analysis. However, the K concentration in the bulk soil was significantly altered with depth (at p < 0.001). The vertical distribution of the concentrations of exchangeable K in the bulk soil along the soil profile followed a power function for both treatments, with a R 2 > 0.7 (Fig. 3a) . There was a steep, about two-fold decrease of exchangeable K concentration with depth in the top first meter of soil (from 0.55 to 0.25 mg kg −1 ); the decrease was then more progressive and steady between 1 and 4 m of soil depth, exhibiting again a two-fold decrease. The values of K tot in the bulk soil ranged from 60 to 100 mg kg −1 (with an outlier value of 148 mg kg −1 at the depth of 1 m in the control treatment) in both + W and -W treatments ( Figure S2 ). The values of K tot in the bulk soil were not influenced by throughfall exclusion or by soil depth. As for exchangeable K, the pH of the bulk soil was not influenced by throughfall exclusion, as we did not find any significant difference between the control and exclusion plots according to one-factor ANOVA analysis. However, the pH in the bulk soil was significantly altered with soil depth (at p < 0.001). The significant linear regression (R 2 > 0.96) between pH and soil depth found for both control and exclusion treatments (Fig. 3b) was indicative of a general acidification along the soil profile, from a mean value around 4.90 at depths of 3.5-4 m to a mean value of 4.16 within the topsoil (0-0.2 m).
A large proportion of our bulk soil samples reached the limits of detection of the Atomic Absorption Spectrometer, which were 1.12 mg kg −1 for Ca and 0.56 mg kg −1 for Mg. An overall effect of the exclusion treatment or soil depth was impossible to detect (Table S2) , except one replicate of the topsoil.
Rhizosphere chemical properties Available P concentrations within the rhizosphere (Fig. 2b, c) for the -W treatment. Available P was lower in the rhizosphere than in the bulk soil in the throughfall exclusion treatment (at p < 0.05), but the differences were not significant in the + W treatment. Soil depth did not influence significantly rhizosphere P availability. As for the bulk soil, the 0.4-0.6 m soil layer exhibited the highest difference in P availability between rhizosphere and bulk soil samples. The concentrations of exchangeable K in the rhizosphere were significantly higher than those of the bulk soil in both + W and -W treatments (p < 0.001). However, this difference was higher in the -W treatment, notably below the depth of 2 m (Fig. 4a, c) .
The soil pH was significantly influenced by soil depth within the rhizosphere, as observed in the bulk soil (p < 0.001). In contrast with the bulk soil, the pH of the rhizosphere was also significantly affected by the throughfall exclusion, along the soil profile (at p < 0.1). The concentration in H 3 O + in the rhizosphere was significantly greater than that of the bulk soil in the exclusion plot whereas no such rhizosphere acidification was found in the control plot ( Fig. 4b and d) .
As for bulk soils, most of our samples reached the limit of detection of the Atomic Absorption Spectrometer for the concentrations of available Ca and Mg, except in the topsoil, and it was thus impossible to detect a throughfall exclusion, soil depth or rhizosphere effect (Table S2) Influence of soil depth on the difference between rhizosphere and bulk soil chemical properties Changes in rhizosphere pH relative to the bulk soil along the 4-m deep soil profiles were treatment-dependent. In the + W treatment (Fig. 5a ), the rhizosphere pH was higher than the bulk soil pH in the topsoil (+0.22 pH unit at the depth of 0-0.2 m), and a slight acidification of the rhizosphere occurred below the depth of 1 m with a maximum acidification between 3 and 4 m depths (−0.11 pH unit). In the -W treatment, rhizosphere acidification occurred along the whole soil profile (Fig. 5c ). The rhizosphere experienced the highest acidification (>0.2 pH unit) both in the topsoil and below the depth of 2.5 m, whereas the acidification in the intermediate layers was around 0.08 pH unit. Given the logarithmic nature of pH, it however makes more sense to assess the difference between rhizosphere and bulk soil in terms of changes of H 3 O + concentration (Fig. 5b) . A 0.2 pH unit decrease both in the topsoil and in the soil layers below the depth of 2.5 m did not imply the same amount of protons, starting from a bulk soil pH around 4.4 within the topsoil or around 4.7 below 2.5 m deep. Therefore, a much higher amount of protons (4.59 10 −5 mol in the topsoil instead of <1.25 10 −5 mol below the depth of 2.5 m, on a per dm 3 of soil solution basis) was needed within the topsoil to yield a pH shift of 0.2 pH unit. The amount of protons released in the rhizosphere was thus quite homogenous along the soil profile in the -W treatment (around 1 10 −5 mol, on a per dm 3 of soil solution basis), except in the topsoil where it increased by a factor of 4.5.
In the + W treatment, exchangeable K concentrations increased in the rhizosphere relative to the bulk soil, with a peak in the topsoil, and then a lesser increase with (Fig. 5d) . The difference between exchangeable K concentrations in the bulk soil and in the rhizosphere was significantly influenced by soil depth (p < 0.001). Mean differences between the rhizosphere and the bulk soil could be modeled by a power function (R 2 > 0.56), with a decrease from the topsoil (0.6 mg kg ). The increase in exchangeable K concentration in the rhizosphere relative to the bulk soil showed in the upper soil layers of the + W treatment was also observed in the -W treatment. In contrast, below a depth of 1 m, the difference between the rhizosphere and the bulk soil increased in the -W, reaching maximal values below a depth of 2 m (0.7 mg kg −1 ). At such depths, the increase in K availability within the rhizosphere was as large as in the topsoil for this treatment.
For both treatments, we computed the stocks of exchangeable K and K tot in the bulk soil and the rhizosphere for each soil layer and for the whole 4-m soil profile taking into account the fine root distribution (Table 1 ). The fine root dry mass density (RMD), the root area density (RAD) and hence the volume of the rhizosphere sharply decreased with soil depth but still remained substantial down to a depth of 4 m in both treatments. Consequently, the stock of exchangeable K in the rhizosphere decreased with soil depth, amounting to a total of 1.42 and 2.03 kg ha −1 in The volume of rhizosphere has been calculated from the RAD values and using a soil density of 1.4 g kg −1 and a rhizosphere thickness of 1 cm. The stock of K tot in the rhizosphere was calculated by multiplying the rhizosphere volume by the K tot content measured in the bulk soil. The accumulation of exchangeable K within the rhizosphere (K exch rhizo-bulk) was calculated by multiplying the rhizosphere volume by the difference of K exch content in the rhizosphere relative to the bulk soil the whole soil profile of + W and -W treatments, respectively. The accumulation of exchangeable K (K exch rhizo-bulk) in the rhizosphere showed the same pattern, amounting to a total of 0.77 and 1.33 kg ha −1 in the whole soil profile of + W and -W treatments, respectively (Table 1) .
Relationship between soil pH and K availability
In the bulk soil, the concentration of exchangeable K was negatively correlated with the pH whatever the treatment (Fig. 6a) . The relationship between pH and exchangeable K concentration was not significant in the rhizosphere and clearly different between the two treatments (Fig. 6b) . The concentration of exchangeable K within the rhizosphere was thus not fully explained by the pH as observed in the bulk soil.
Discussion
Acidification of the rhizosphere
The combined action of a number of processes can explain the differences of pH observed between the rhizosphere and the bulk soil (Hinsinger et al. 2003) . However, the leading process is commonly the imbalance between nutrient cation and anion uptake by plants. Thereby, pH decrease in the rhizosphere mainly results from the release of protons by roots to counterbalance an excess of cations over anions taken up. According to our results, the throughfall exclusion treatment increased the acidification of the rhizosphere, which could have resulted from higher amounts of cations, notably K, taken up in the throughfall exclusion treatment than in the control treatment. Although an adequate K nutrition greatly enhances the stomatic control of water loss of E. grandis trees in response to changes in soil water availability (Battie- ) and stem biomass production (Battie- , destructive measurements in our experiments showed that K contents in the trees were not higher in -W than in + W (unpublished data), and therefore differences in K uptake cannot explain the acidification of the rhizosphere in -W. Another major contributor to cation-anion balance is N, rhizosphere acidification being often indicative of a significant contribution of ammonium uptake. However, the data collected in this experiment showed that the N content in the aboveground biomass was lower in the throughfall exclusion treatment than in the control treatment (unpublished data). Nevertheless, N being possibly taken up as both nitrate and ammonium, it is impossible to know the relative contribution of ammonium uptake and whether this was affected by the throughfall exclusion treatment. The release of organic anions by roots can also contribute to the acidification of the rhizosphere, whenever it is accompanied by proton release (Hinsinger et al. 2003) . In our experiment, the exudation of complexing compounds such as malate or citrate was probably of major importance for the roots to cope with the toxicity of aluminum, as induced by the ambient low pH of this soil, as shown in many plant species including eucalypt such E. grandis (Silva et al. 2004 ). However, we do not have direct evidence to support this assumption, and the related hypothesis that carboxylate exudation would be higher under rainfall exclusion.
Accumulation of K in the rhizosphere
Two hypothetical processes can be put forward to explain the observed increase in available K concentration in the rhizosphere relative to that in the bulk soil: the mass flow transport of K-ions across the rhizosphere leading to an accumulation at the vicinity of the roots (hypothesis 1) and the weathering of K-bearing minerals in the rhizosphere (hypothesis 2).
The experimental site of Itatinga has been heavily instrumented to study the biogeochemical cycles of nutrients. We can thus discuss hypothesis 1 by evaluating (i) the average quantity of K brought to the roots by mass flow and (ii) the amount of K taken up by the trees. Should the quantity of K brought by the mass flow be much lower than the amount of K actually taken up by the tree (as usually assumed, e.g. Barber 1995), then the mass flow hypothesis would be invalidated, as it could not explain the observed build-up of available K concentration within the rhizosphere.
We estimated these two amounts of K and for the 5th year of the former rotation cycle for which we had a complete dataset for E. grandis trees at the same location. Silvicultural practices and biomass production in this former rotation were similar to the + W treatment in the present experiment. The average quantity of K brought to the trees by mass flow, can be estimated by multiplying the volume of water taken up by the trees by the mean concentration of K in the soil solution. The average of annual rainfall can be a conservative estimate of the flux of water taken up by trees, as there is no loss of water by drainage after canopy closure (at age 2 years) in highly productive E. grandis plantations at the site (Laclau et al. 2013; Christina et al. 2016) . We slightly overestimated the actual transpiration flux as we ignored the soil evaporation in our calculation. We used here the value measured for the 5th year of the former rotation, which amounted to 13,510 m 3 ha −1 year −1
. The mean value of K concentration over the same period down to the depth of 3 m was 0.16 mg dm −3 (Maquère 2008 ).
The quantity of K brought by mass flow to trees was thus amounting to a maximum value of about 2 kg K ha
. The amount of K taken up by the trees over the same period (the 5th year of the previous rotation), evaluated using the methodology described in Laclau et al. (2010) , amounted approximately to 17.5 kg K ha
This value is about an order of magnitude greater than the estimated annual flux of K delivered to trees by mass flow. These rough calculations clearly show that mass flow cannot explain the observed increase in K concentration in the rhizosphere of E. grandis trees, which is in line with what is usually expected for poorly mobile nutrients such as K (Barber 1995; Hinsinger et al. 2011a) . Such calculations were not conducted for the throughfall exclusion treatment, for which all the data are not available yet, but the conclusion should be the same, given the huge discrepancy between mass flow and K uptake flux. We note that the data available for the 5th year of the actual plantation concerning the accumulation of K in trees are consistent with the data used for the calculation that concerned the previous rotation cycle, for which all data were available.
The weathering of K-bearing minerals in soils can be a significant source of K for plant nutrition, and numerous studies have evidenced across spatial scales, from the rhizosphere to the catchment scale, that the uptake of K by plants can be a major driving force for the release of poorly-available soil K through enhanced weathering of K silicates (Taylor and Velbel 1991; Jaillard and Hinsinger 1993; Hinsinger et al. 1993; Velbel and Price 2007; Barré et al. 2007 ). While Hinsinger et al. (1993) demonstrated that K depletion in the rhizosphere was the primary process controlling the release of interlayer K from micas, a number of field studies in temperate and boreal forest ecosystems have rather reported an increase in K concentration in the rhizosphere than a depletion (e.g. Clegg and Gobran 1997; Turpault et al. 2005; Calvaruso et al. 2014) . These authors interpreted such phenomenon as a consequence of the root-induced weathering of K-bearing minerals, occurring possibly through other processes than a shift of K exchange equilibria due to K uptake, e.g. rhizosphere acidification as demonstrated by Hinsinger et al. (1993) , or the release of metal-complexing exudates.
The soil of the present study is highly weathered so that there are few amounts of easily-weatherable Kbearing minerals, especially 2:1 clay minerals able to retain interlayer K. However, even in tropical soils, small amounts of 2:1 layers can be found in 1:1 clay minerals, which can dramatically influence the fate of soil K (Fontaine et al. 1989; Darunsontaya et al. 2012) . Melo et al. (2007) demonstrated the occurrence of significant amounts of dioctahedral micas in the clay (kaolinite-dominated) fraction of Brazilian Ferralsol soils, including one developed on a similar parent material. Moreover, the weathering of primary minerals such as K-feldspars or muscovite, although least weatherable, is also a potential source of K. It is known that the acidity increases the weathering rate of silicates (West et al. 2005) , and the negative relationship between K concentration and pH found in the bulk soil (Fig. 6a ) of the present experiment is consistent with the occurrence of such proton-promoted dissolution of K-bearing minerals in the studied soil. In addition, rhizosphere acidification has already been shown to be responsible for the release of cations from primary phyllosilicates by Hinsinger et al. (1993) in controlled conditions. The acidification-induced weathering process can thus be part of the explanation for the difference in K concentration found in the rhizosphere of the two treatments, as greater increase in K concentration concurred with greater acidification of the rhizosphere at depth in the throughfall exclusion treatment (−W, Fig. 4 ). The poor relationship between pH and K concentration that we found in the rhizosphere (Fig. 6b) is however suggesting that other processes than rhizosphere acidification contributed to increasing K concentration in soil solution through possibly enhanced weathering of K-bearing silicates.
To validate hypothesis 2, the weathering rate should be greater than the actual K uptake rate achieved by roots, thus resulting in increased concentration of available K in the rhizosphere, as observed here in the two treatments and especially at depth for the throughfall exclusion treatment (−W, Fig. 4) , and in a number of previous field studies on topsoil roots in temperate and boreal forest ecosystems (e.g. Clegg and Gobran 1997; Courchesne and Gobran 1997; Turpault et al. 2005 Turpault et al. , 2007 Calvaruso et al. 2014) . It is not possible to estimate the weathering rate in our study, and such field data are scarce in the literature. Weathering rates have been estimated by Benedetti et al. (1994) in two watersheds of the same region of Brazil, but for basalt substratum instead of cretaceous sandstone. They estimated for labradorite, a K-feldspar present in their watersheds, that the rate of weathering was about 3 kg K ha −1 year −1 . Such estimates are not available for the cretaceous sandstone substrate present at the studied site and extrapolations shall be cautious as the impact of the vegetation in intensive eucalypt plantation is expected to be different from the sites studied by Benedetti et al. (1994) , their watershed being composed of pasture, relict secondary forest and some crops. Given that, as Taylor and Velbel (1991) in their forest watersheds in the USA, Benedetti et al. (1994) stressed that there is a considerable impact of the vegetation on the estimated weathering rate for Kbearing silicates, the actual weathering rate of our study site may be slightly bigger than 3 kg K ha −1 year −1 , especially when considering that the pH of the soils developed on sandstone bedrock in our ecosystem was definitely more acidic than in the basalt watersheds studied by Benedetti et al. (1994) . It is however unlikely to be much more than the annual demand of the E. grandis trees (17.5 kg K ha −1
). As an alternative to local weathering rate estimates, it is worth estimating the size of the stock of K contained in K-bearing silicates that can be potentially weathered. We estimated this stock based on the pseudo-total K analyses that we have conducted in the bulk soil along the soil profiles (Table 1) . Based on these fairly low values, as commonly found in highly weathered tropical soils (Melo et al. 2005 and , we estimated that this pool amounted to about 4700 kg K ha , down to a depth of 4 m. Melo et al. (2005) assessed the capacity of soils developed on the same parent material to supply nonexchangeable and structural K from K-bearing silicates through weathering. They concluded that there was a substantial K release potential from the clay fraction of such soils, amounting to much more than the size of the exchangeable pool, amounting to about 3 % of total K, based on laboratory dissolution with 0.1 M citric acid over about 2 months. One has to be careful when extrapolating to weathering rates under field conditions, but these findings substantiate the feasibility of a release of nonexchangeable or structural K in the order of 6 kg K ha −1 (while the stock of exchangeable K in the rhizosphere is amounting to 1.4-2 kg K ha
, down to a depth of 4 m) to explain the increase of exchangeable K concentration observed in the rhizosphere, amounting to 0.8-1.3 kg K ha −1 , down to a depth of 4 m. Thus, hypothesis 2 cannot be rejected, although estimating the actual weathering rate would be needed to fully validate it. Our calculations are based on stocks at a given sampling time and cannot relate directly to the annual flux of K released by weathering.
This study is limited to a depth of 4 m. However, in the experiment, the deepest roots reached a depth of 17 m depth in both + W and -W treatments. This characteristic is not linked to the studied clone, as such deep rooting depth has been shown also for other clones as well as for seedlings (Pinheiro et al. 2016 ). These roots have thus a potential access to an important stock of nutrients (very low concentration but on > 10-m deep soil layer). Our results show that the rhizosphere effect seems to be higher at depth. Thus deep and very deep roots are likely to play a major role in tree nutrition in highly weathered tropical soils, and need to be accounted for and further studied.
To conclude, pH and nutrient concentrations in rhizosphere vs. bulk soil seem to be good indicators to evaluate the adaptive changes induced by climate change, notably water regime modification, on root functioning, including deep root functioning. Our study suggests an important role of the rhizosphere acidification process and consequent root-induced silicate weathering to explain the observed increase in K availability in the rhizosphere of E. grandis, although we did not provide direct evidence of such proton-promoted dissolution of K-bearing minerals. Interestingly, we pointed out that reduced rainfall resulted in larger rhizosphere effects, based on the fate of available K at depth compared with the topsoil. Potassium being a limiting nutrient in many tropical ecosystems, this study shows that accounting for deep soil layers and deep roots is crucially needed to better understand K nutrition of trees such as the deep-rooted eucalypt species (E. grandis) studied in this work.
